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Titan phase curves (a representation of overall brightness vs. Sunobject-observer phase angle) have been published over a limited range of phase angles and spectral passbands [5, 6] . Such information has been key to the study of the stratification, microphysics and aggregate nature of Titan's atmospheric haze [7, 8] , and has complemented the spatially-resolved observations first showing that the haze scatters efficiently in the forward direction [7, 9] .
Here we present Cassini Imaging Science Subsystem whole-disk brightness measurements of Titan from ultraviolet to near-infrared wavelengths. The observations reveal that Titan's twilight (loosely defined as the view when the phase angle 150
• ) outshines its daylight at various wavelengths. From the match between measurements and models, we show that at even larger phase angles the back-illuminated moon will appear much brighter than when fully illuminated. This behavior is unique to Titan in our solar system, and is caused by its extended atmosphere and the efficient forward scattering of sunlight by its atmospheric haze. We infer a solar energy deposition rate (for a solar constant of 14.9 Wm −2 ) of (2.84±0.11)×10 14 W, consistent to within 1-2 standard deviations with Titan's time-varying thermal emission spanning 2007-2013 [10, 11] . We propose that a forward scattering signature may also occur at large phase angles in the brightness of exoplanets with extended hazy atmospheres, and that this signature has valuable diagnostic potential for atmospheric characterization.
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We produced Titan phase curves ( Fig. 1 ) from calibrated, whole-disk images taken with the Narrow Angle Camera of the Cassini Imaging Science Subsystem (ISS) [12, 13] . The timespan of the images (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , phase angle coverage (α≤166 • ; see Supplementary Fig. 1 for sketch of the viewing geometry), sampling (∼400 datapoints/curve on average), and variety of filters (15, effective wavelengths λ eff =300-940 nm) in this work significantly expand on previous treatments [5, 6] . The phase curves are presented in the size-normalized way A g Φ(α), adopting Titan's solid radius of 2575 km for the normalization. A g is the geometric albedo and Φ(α=0)≡1 by definition.
From full illumination (α=0) to α∼90
• , the curves describe Titan's progressive dimming as less of its dayside appears visible to the observer. Our
Cassini/ISS data confirm the Pioneer 11 measurements in blue and red passbands for α≤96
• [5] ( Fig. 1 ) and ground-based spectroscopic data at α∼5.7
• [14] (Fig. 2) . The incomplete sampling near full illumination does not permit the confirmation of proposed strong backscattering at very small phase angles and short wavelengths [15, 16] , a task that would require nearly continuous sampling for α≤5
• in the passbands with λ eff =441 and 455 nm ( Fig.   1 ). We note though that the data for λ eff =343 nm do not show a discernible enhancement in the antisolar direction, which suggests that backscattering in the ultraviolet is less strong than recently proposed. The curve for the narrowband filter with λ eff =938 nm is particularly well sampled with nearly 2000 datapoints. In this passband, Titan's surface contributes to the emergent radiation (Fig. 3) We have investigated the empirical phase curves with a Monte Carlo radiative transfer model that solves the multiple-scattering problem of reflected sunlight in stratified, spherical-shell atmospheres [20] ('Methods').
Our implementation of aerosol optical properties (extinction coefficients, single scattering albedos, scattering phase functions) is based on the latest interpretation of the in-situ measurements made by the Huygens Descent Imager/Spectral Radiometer (DISR) [16] . The DISR observations were made from 150 km altitude down to the surface, but they were sensitive to aerosols above 150 km, as confirmed by this study.
The model phase curves based on the DISR aerosol implementation (solid red curves, Fig. 1 ) reproduce well the Cassini/ISS data for wavelengths ≥440 nm unaffected by methane absorption. The DISR implementation is poorly constrained shortwards of 490 nm though [15, 16] . To reproduce the observations in the passbands with λ eff =306 and 343 nm, we slightly modified the aerosol absorption above 150 km, which led to better fits (dashed red curves) ('Methods'). In the passbands affected by methane, an adjustable amount of methane absorption at all altitudes provided the required attenuation to reproduce the observations (dashed red curves, λ eff ≥619 nm). The reported 5 best fits represented by the dashed red curves were the result of minimizing the relative measurement-model error.
The grey areas of Fig. 1 quantify the amount of energy that Titan scatters in all possible three-dimensional directions with a phase angle α. This is mathematically expressed by Φ(α)sin(α) [1] . The integrated area (properly normalized) is the phase integral q, and depends on wavelength ('Methods').
Thus, our inferred phase integrals are passband-averaged values. According to our best-fitting models, phase angles α≥166 • contribute to q by 13%
(λ eff =343 nm), 5% (649 nm) and 7% (928 nm). These non-negligible contributions originate from layers above 150 km ( Fig. 3 ) and substantiate the role of the upper-atmosphere haze in Titan's energy balance by scattering part of the incident sunlight. The phase integrals calculated here (q=1.9-2.9) are notably larger than earlier estimates (q=1.3-1.7) based on incomplete phase angle coverage [5, 21] .
At small phase angles, Titan's brightness is dictated by solar photons that scatter tens of times before exiting the atmosphere. Our model shows that the photons emerging from the α=0 configuration scatter preferentially at altitudes of 150-300 km (455-nm photons) and 50-250 km (938-nm photons) (Fig. 3) . In contrast, the brightness for large phase angles is caused by photons undergoing only a few collisions. For 455-and 938-nm photons and α=166
• , the preferential range of scattering altitudes is 250-350 km and 200-350 km, respectively. As a rule, the larger phase angles are more sensitive to higher altitudes.
Atmospheric stratification is key in the interpretation of the twilight brightness, and the product p a (θ→0)H a /R of the particles scattering phase function (θ is the scattering angle between the incident and exiting photon directions), p a (θ), times the ratio of the aerosol scale height to Titan's radius, H a /R, becomes a key factor. Titan's haze particles are fractal aggregates, each comprising thousands of small (≤0.05 µm) spherical monomers [8, 22] .
To the effects of radiative transfer modeling, the haze particles behave with their own aggregate-averaged properties, which may significantly differ from those of the monomers. The large effective size of the aggregates (equalprojected-area radii of 2-3 µm [15, 22, 23] ) causes the prominent forward lobe in the particles scattering phase function that has been known since the times of the Voyager spacecraft [7, 9] and that translates into a large p a (θ→0).
The DISR measurements, some of them obtained while looking less than 10
• away from the Sun, have shown that the forward lobe had been severely underestimated for decades [15, 16] 1. The diminishment in particle sizes (and in the strength of their forward scattering lobe) above 400 km [22] has no impact on the brightness surge because the atmosphere at these altitudes is optically thin at the wavelengths investigated here.
The Titan aerosols participate in vertical and horizontal structures, and in transient behaviors on diverse timescales [25, 26] . This complexity results from the strong ties of aerosol formation with super-rotating winds, seasonal heating, and both neutral and ion photochemistry. The match between the Cassini/ISS phase curves and models over all measured phase angles supports the DISR implementation [16] as a functional representation of the globally-averaged optical properties of Titan's aerosols. This conclusion was unanticipated because Titan's brightness at the larger phase angles is dictated by the atmosphere above 150 km (Fig. 3) , and also because in principle the DISR conclusions apply principally to the Huygens descent conditions.
We have used the inferred whole-disk scattering properties to calculate the rate of solar energy deposited into the Titan atmosphere as the difference between the incident and scattered rates, P dep =P inc −P sca ('Methods'). For the incident contribution, scaled to a solar constant S =14.9 Wm −2 specific to Saturn's semi-major axis of 9.58 AU, we obtain P inc =(3.87±0.07)×10 14 W.
For the rate of energy scattered by Titan, we obtain P sca =(1.03±0.08)×10
14
W, its uncertainty being comparable to that for P inc . Figure 4 and Supplementary Table 1 summarize the partial contributions to both P inc and P sca .
Finally, we infer P dep =(2.84±0.11)×10 14 W and, from the definition of Bond albedo, A B =P sca /P in =0.27±0.02. This is strikingly similar to previous estimates of the Bond albedo [5, 21, 27] even though some of the intermediate quantities used in these works (including the phase integrals) were poorly constrained.
Titan has been estimated to emit thermally at rates of
[10, 11], suggesting that the emitted energy dropped less than the solar irradiation during that period. Scaling P dep from our time-averaged treatment of P inc and P sca by the relevant solar constants, we obtain P dep =(3.05±0.11)×10 rule out an energy imbalance, but it sets strict limits based on contemporaneous measurements of scattered sunlight and Titan's thermal emission. We note the order-of-magnitude difference in the uncertainties quoted for P dep and P emi , and the difficulty of further constraining a putative imbalance if either the optical radius (a measure of Titan's sunlight-intercepting cross section, 'Methods') or the wavelength-dependent reflectance change over time.
Titan's brightness surge has direct implications on the characterization of exoplanets with extended and hazy atmospheres, two oft-cited properties amongst known exoplanets [28, 29, 30, 31] . For illustration, we estimate (assuming a hydrogen-helium bulk composition and equilibrium temperature of 930 K) the background scale height of the low-gravity hot sub-Neptune CoRoT-24b to be H/R∼3.5×10 −2 , and therefore larger than Titan's H a /R.
Whether the haze on these exoplanets (provided it exists) produces significant forward scattering is difficult to anticipate, as current haze formation models [32, 33] have limited capacities to predict particle sizes and the corresponding p a (θ→0).
Therefore, it remains plausible that some exoplanets will exhibit brightness surges at large phase angles such as that experienced by Titan, which may in addition affect the measured transit radius [34] . Indeed, for a typical hot Jupiter on an edge-on orbit around a Sun-like star, phase angles of ∼175
• are probed immediately before and after transit. In that viewing configuration, an extended atmosphere bearing Titan-like haze will appear a few times brighter than indicated by its geometric albedo. The eventual detection of this phenomenon will help constrain the scale height and particle size of their atmospheric haze. Future theoretical work must therefore assess whether forward-scattering haze forms in exoplanet atmospheres. [21] Younkin, R.L. The albedo of Titan. Icarus, 21, 219-229 (1974).
[22] Lavvas, P., Yelle, R.V. & Griffith, C.A. Titan's vertical aerosol structure at the Huygens landing site: Constraints on particle size, density, charge, and refractive index. Icarus, 210, 832-842 (2010).
[23] Rannou, P., Cours, T., Le Mouélic, S., Rodriguez, S., Sotin, C. et al. (648 nm) passbands [5] are shown in cyan color together with the Cassini/ISS curves for λ eff =455 and 649 nm. The Pioneer 11 curves were re-normalized from R 452nm =2850 km and R 648nm =2800 km to R=2575 km. Figure 2 . Full-disk albedo spectrum at phase angle α=5.7
• . Measurements from Earth (solid curve) [14] , and Cassini/ISS-based values for α=5.7
• interpolated from the best-fits of Fig. 1 (symbols) . Each color symbol is matched by a color curve at the bottom. Discontinuous curves represent the transmissions (arbitrary scale) for the broad-and mediumband ISS filters; solid curves (arbitrary scale) refer to narrowband filters. The overall brightness of both configurations is nearly the same (Fig. 1) , despite the disparate projected area of Titan's illuminated disk in each case (full disk for α≈0; the equivalent to a ring a few scale heights wide for α≈166 • ). (http://pds-rings.seti.org). We focused on the Narrow Angle Camera, which is less susceptible to stray light at large phase angles than the Wide Angle Camera [13, 35] . We identified 15 filter combinations for which there was a sufficient number of images. These filter combinations are characterized by effective wavelengths between 306 and 938 nm. Our search excluded polarization filters, although it will be very interesting to combine in the future the brightness phase curves reported here with polarization phase curves.
We downloaded the photometrically-calibrated (I/F ) images from the Ring-Moon System Node of NASA (http://pds-rings.seti.org). Ancillary information such as phase angle was read from the image headers. All the images were taken from farther than 1.2 million km away from Titan. The size of Titan in these images ranges from tens to a few hundreds of pixels. We visually inspected each image, deselecting those that were either truncated, damaged or overexposed. We identified a total of 5766 useable We conducted aperture photometry of Titan's whole disk in a standard way (e.g. [36] ). We drew on each image a circle of radius r aper =3500 km + 10 pixels from Titan's center and added the flux inside. We experimented with other radii to confirm that the point spread functions of the instrument-plusfilter optical systems were well contained within the aperture, and confirmed that larger aperture radii did not affect the photometry by more than 1%. Some images were affected by a residual 'dark current' that was estimated from a 10-pixel-wide annulus concentric with the aperture circle. Removing this residual component meant a reduction in the aperture photometry of 2% or less.
If I j /F is the radiance from an image pixel j [35] , normalized to the incident solar flux πF (dependent on the Sun-Titan distance), then the irradiance from the whole Titan disk at the spacecraft-Titan distance is:
where the summation runs over all pixels j within the circle of radius r aper , and S pixel is the projected area of a pixel at the distance . F depends on the spacecraft-Titan distance, and is therefore of limited usefulness. Introducing:
provides a size-normalized definition of Titan's overall reflectance, A g Φ(α), which can be evaluated through the combination of Eqs. (1)- (2). A g is the geometric albedo and Φ(α) is the phase law. There is no unique criterion to select the normalization radius R in Eq. (2), and we adopted Titan's solid radius of 2575 km. Stating the selected normalization radius is critical to 24 compare between works.
The amount of Cassini/ISS brightness measurements reported here and variety of conditions in which the observations were made will foreseeably trigger new investigations. In particular, they will permit a look at aspects such as variability at the rotational and seasonal timescales [17, 18, 37] or the north-south brightness asymmetry [38] .
Radiative transfer model
The radiative transfer calculations were carried out with a backward
Monte Carlo algorithm that has been described and thoroughly tested [20] and used to explore the information content in the diurnal and phase brightness modulations of Earth, Venus and exoplanets [29, 36, 39] . For the calculations presented here, we omitted the vector (polarization) treatment of the equations by zeroing all terms of the scattering matrix except its (1, 1) entry. We further tested the radiative transfer model by comparing its output 26 to published calculations in stratified atmospheres sounded in limb viewing [40, 41] . The additional tests included ∼200 configurations: with/without aerosols; at three different wavelengths; for tangential altitudes from 10 to 60 km; with/without considering polarization effects. The differences between the calculations from another Monte Carlo model (MCC++ [41] ) and our model were consistently <1%.
Atmospheric model
The radiative transfer calculations done with the Monte Carlo algorithm take as inputs:
• For the atmosphere: vertical profiles of extinction coefficients, γ(z), single scattering albedos, ω 0 (z), and scattering phase functions, p(θ)(z).
• For the surface: surface reflectances, r s .
Each of these properties (γ, ω 0 , p(θ), r s ) depends on the specific wavelength of the simulated photons. The profiles of γ, ω 0 , and p(θ) are represented in the radiative transfer model over a total of 250 vertical slabs, each of them 2-km thick.
Our baseline description of the aerosol optical properties is based on the latest revision of the DISR observations [16] . The implemented properties were interpolated/extrapolated in wavelength from the DISR prescriptions [15, 16] to the corresponding filter effective wavelengths. The DISR optical properties are well constrained between 490 and 950 nm for γ a and ω 0,a [16] , and down to 355 nm for p a (θ) [15, 16] . Model calculations based on the DISR implementation [16] have proven consistent with past spectroscopic measurements of the geometric albedo between 500 and 950 nm [14] , a fact that is confirmed in this work. Indeed, the solid red curves of Fig. 1 , which are based exclusively on the DISR aerosol implementation plus Rayleigh scattering by the N 2 /CH 4 gas (but without methane absorption), reproduce well the measured phase curves over the available range of phase angles. For these filter combinations (CL1_BL2, BL1_CL2, CL1_GRN, CL1_CB1, CL1_CB2, CL1_CB3), the 'best fits' presented in Fig. 1 as solid red curves are simply 28 the outputs of the radiative transfer model without adjusting any input.
For the atmospheric gas (98.4%-1.6% by volume of N 2 -CH 4 ), we determine the scattering coefficient β g and scattering phase function p g (θ) from the classical expressions for Rayleigh scattering. Number densities of the gas are based on the HASI profiles of temperature and pressure [42] . Because the impact of Rayleigh scattering is relatively small, the uncertainties associated with the HASI profiles have a negligible effect on the calculations. A number of ro-vibrational absorption bands of methane occur at visible and near infrared wavelengths. In our radiative transfer calculations, we parameterize the effect of methane absorption over both broad-and narrowband filter combinations by invoking filter-specific single scattering albedos ω 0,g such that γ g =β g /ω 0,g and α g =(1/ω 0,g −1)β g for the corresponding gas extinction and absorption coefficients, respectively. This simplified approach intends to reproduce the empirical phase curves affected by methane absorption with a minimum number of free parameters, and does it by assuming an altitude-independent treatment of methane absorption over each specific spectral passband.
For the optical properties of the aerosol-plus-gas mixture, we follow the usual summation rules: α=α a +α g , β=β a +β g , γ=γ a +γ g , and βp(θ)=β a p a (θ)+β g p g (θ).
By definition, the solid red curves of Fig. 1 described above assume ω 0,g =1, which means that in those passbands the gas scatters but does not absorb. In other passbands (CL1_MT1, RED_CL2, CL1_CL2, CL1_MT2, IR2_CL2, CL1_MT3, CL1_IR3), methane does absorb, a fact that is readily confirmed from Initial calculations showed that the DISR aerosol implementation did not provide a good match to the measured phase curves for the UV2_CL2 (λ eff =306 nm) and CL1_UV3 (343 nm) filter combinations. This was expected as the effective wavelengths of these filters fall outside the wavelength validity range for the DISR aerosol implementation. In the calculations for these two filter combinations, we adopted altitude-independent p a (θ) functions, which were calculated as in previous work [15, 22] . Keeping with the ideas that led from the original DISR aerosol prescription [15] to the latest version [16] , we modified by an adjustable amount the aerosol single scattering albedo ω 0,a above 150 km with respect to the values obtained with the DISR analytical expressions [16] . An iterative process in which we ran many radiative transfer calculations each of them with a different correction to ω 0,a (z>150 km) led to the best fits shown with dashed red curves in Fig. 1 .
The actual corrections were: ω 
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Thus, the implemented aerosols above 150 km for these two filter combinations absorb less than in the original DISR prescription.
For the radiative transfer calculations, we assumed Lambert-like reflection at Titan's surface. The wavelength-dependent surface reflectances were borrowed from Table 1 of a relevant work [43] . Extrapolation from/interpolation between the tabulated values yielded the following surface reflectances adopted 
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The solar energy deposition rate The solar energy deposition rate is the difference between the rates for incident solar energy and energy scattered by Titan:
For the incident contribution, we used:
Here, F is the solar irradiance (scaled to a solar constant S =14.9 Wm −2 for Saturn's semi-major axis of 9.58 AU). R opt is the optical radius, or the radius of a sphere blocking the same amount of light on a screen behind Titan [44] . This definition is equivalent to that of the z(τ eq =0.56) altitude that is often found in exoplanet studies [45] . The definition omits refraction effects, which depend on the observer's location [19, 46] . Because Titan is not perfectly spherical, P inc must ideally be evaluated with an R opt that accounts for changes in the limb optical thickness along the terminator. Choosing the valid R opt is challenging because terminator-averaged determinations do not always exist, in which cases R opt must be estimated indirectly. Furthermore, R opt may change over time as both the detached and main haze layers evolve [26] . Titan's optical radius could be measured at a given time if the moon was observed transiting the Sun or another luminous extended object in the sky, as has been done at X-ray wavelengths [47] . It could also be determined from spatially-resolved measurements of Titan's shadow on Saturn, followed by integration along the terminator [44] .
We evaluated the incident solar energy rate and associated uncertainties (details on the numerical implementation below), and obtained P inc =(3.87±0.07)×10 14 
32
W. The uncertainty in R opt contributes about a third to the uncertainty in
In turn, for the scattered contribution:
where R is again Titan's solid radius used in the phase curve normalization.
We evaluated this integral and the associated uncertainties (numerical details below), to obtain P sca =(1.03±0.08)×10 14 W.
Interestingly, the uncertainties associated with P inc and P sca are comparable. The specified integration limits for P inc and P sca ensure convergence of the integrals. Figure 4 and Supplementary Table 1 convey important information on the evaluation of P inc and P sca .
We can estimate the uncertainties in P inc and P sca by differentiation:
For the numerical evaluation of all the above integrals, we adopted:
• Solar irradiance F (λ) [48] scaled to the solar constant S = F (λ)dλ=14.9
Wm −2 .
• Optical radius, R opt (λ). For λ<1050 nm, we estimated R opt (λ) from the DISR aerosol implementation [15] and the expression for continuum absorption in exponential atmospheres that establishes that R opt (λ) is equivalent to the altitude where the limb optical thickness τ eq =0.56 [44, 45] . For λ>1050 nm, we adopted R opt (λ)=2575 km + z eff , with z eff as empirically inferred [49] . We matched the R opt (λ) prescriptions for λ<1050 nm and λ>1050 nm by shifting the latter upwards by 16 km.
It is difficult to estimate the uncertainty δR opt (λ), but given the small offset of 16 km between our R opt (λ) predictions at 1050 nm from the shorter-and longer-wavelength parameterizations, the achromatic choice δR opt (λ)=25 km is a valid guess. This is supported by measurements of the optical limb altitude along the terminator [44] , which varies by less than a scale height at wavelengths close to the peak of the solar spectrum (∼500 nm), but by up to three scale heights in the near infrared (∼940 nm). The fact that the impact of R opt (λ) on P inc is largest near 500 nm (Fig. 4a) provides additional support to our choice for δR opt (λ). R opt (λ) may evolve over time in response to changing irradiation conditions, a possibility whose consequences are difficult to quantify.
• Geometric albedo, A g (λ). The good match between the ground-based spectroscopic measurements [14] and our Cassini/ISS determinations ( Fig. 2) gives confidence in the consistency of both datasets. Thus, in the evaluation of P sca between 300 and 1050 nm, we adopted the spectrally-resolved A g (λ) data [14] multiplied by 1.02. Our models show that 1.02 is a reasonable correction for the phase law Φ(α) from α=5.7
• to α=0. This correction factor is consistent with the solar phase angle variation reported in a multi-decade ground-based photometric investigation [37] . Shortwards of 300 nm, we adopted A g (λ) values reported in an ultraviolet investigation of Titan [50] and re-scaled them by 1.20 to match the longer-wavelength measurements at 300 nm [14] .
For λ>1050 nm and <2500 nm, we adopted A g (λ) values based on ground-based observations ([18]; their Fig. 5 ), after properly correcting them to our normalization radius.
For λ<1050 nm the geometric albedos are likely accurate to a few percent, and we assume δA g /A g ∼5%. For λ>1050 nm, rotational, seasonal and secular changes in Titan's reflectance may easily cause δA g /A g ∼10% [18].
• Phase integral, q(λ). The broadband filter combinations UV2_CL2, CL1_UV3, BL1_CL2, CL1_GRN, RED_CL2, IR2_CL2, and CL1_IR3
provide nearly-continuous, passband-integrated insight into the phase integral up to ∼1000 nm. This information was incorporated into the evaluation of P sca by building a 'continuous' q fit (λ) that fits the corresponding pairs of λ eff and q(λ eff ) between 306 and 928 nm (Fig. 4) .
The uncertainties in the phase integral over this spectral range are due to: the loss of detail introduced by the replacement of the true q(λ)
by q fit (λ); the unconfirmed shape of the Titan phase curves for phase angles α>166
• unobserved by Cassini/ISS. From the comparison of the q values specific to broadband and narrowband filters, and the fact that phase angles α>166
• typically contribute 5 % to the phase integral, we suggest an average uncertainty δq/q∼5% for λ<1050 nm.
Outside the Cassini/ISS spectral range, we adopted q(λ<306 nm)=q(λ=306 nm) and q(λ>1050 nm)=2.25. The specific value of q(λ) at the shorter 35 wavelengths is not critical because both the solar output and Titan's overall reflectance are small at these wavelengths, and the contribution of these wavelengths to P sca is also small. For λ>1050 nm, based on our findings at shorter wavelengths, we assumed that q is in the range between 2 and 2.5, and therefore δq/q∼10%
